Motivated by recent measurements of the top quark forward-backward asymmetry at the Tevatron, we study how t-channel new physics can contribute to a large value. We concentrate on a theory with an abelian gauge boson possessing flavor changing couplings between up and top quarks, but satisfies flavor physics constraints. Collider constraints are strong, but can be consistent with the aid of small flavor diagonal couplings. We find that M Z ′ ≈ 160 GeV can yield a total lab-frame asymmetry of ∼ 18% without being in conflict with other observables. There are implications for future collider searches, including exotic top quark decays, like-sign top quark production, and detailed measurements of the top production cross section. An alternate model with a gauged non-Abelian flavor symmetry would have similar phenomenology, but lacks the like-sign top signal.
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PACS numbers:
Introduction. The most recent measurement of the top quark forward-backward asymmetry is from the CDF experiment, which obtains A t F B = 19.3 ± 6.9% with 3.2 fb −1 of data [1] . The Standard Model (SM) prediction [2, 3, 4, 5] is dominated by O(α 3 S ) QCD interference effects and is 5% in the lab frame. At present, this discrepancy is less than 3σ. However, it is interesting to ask whether such a large central value can be explained, especially once one accounts for the other Tevatron measurements of top quark properties, all consistent with the SM. It is intriguing that past measurements at CDF and D0 have yielded consistently large asymmetry values [6, 7] .
Many models of new physics impact A t F B , but it is difficult to produce a large positive asymmetry. The most constrained idea is perhaps axigluons, which interfere with QCD and induce large negative asymmetries [8, 9, 10] . Kaluza-Klein excitations of the gluon in warped AdS space may produce positive asymmetries [11] .
Model. Our model consists of a new vector boson (Z ′ ) associated with an abelian gauge symmetry
We also allow a small flavor-diagonal coupling to up-type quarks L ∋ ǫ U g X Z ′ µūi γ µ P R u i , with ǫ U < 1 and generation index i. If no diagonal coupling for the Z ′ exists (ǫ U = 0), it is forced to decay as: Z ′ → t ( * )ū ,t ( * ) u. Events with, e.g., uū → Z ′ Z ′ then lead to numerous likesign top quark events, strongly constrained by data [12] .
The model has three free parameters, (g X , ǫ U , M Z ′ ). For M Z ′ < m t the phenomenology is essentially identical for all small ǫ U = 0. This coupling is solely to provide the dominant two-body decay Z ′ → uū. We will show that a light
is preferred when taking into account all considerations. We call this the "best point" of the model. Since we are giving non-trivial charges to the righthanded up-type quarks, bare Yukawa couplings are not invariant under U (1) Z ′ . We assume a Froggatt-Nielsen type mechanism [13] generates the Yukawa couplings. Chiral gauge anomalies can be satisfied, e.g., by adding two sets of extra heavy fermions of appropriate charge, and will not be discussed further here.
Asymmetry and cross sections. The t-channel exchange of a new particle is a promising way to generate a large A t F B . The cross-section in the forward, large M tt = √ŝ region is enhanced due to a Rutherford scattering peak. We plot the asymmetry as a function of M tt in Fig. 1 , which shows this important effect.
A challenge for any model wishing to generate a large A t F B is avoiding a too large modification of the tt production cross section. The current measurement from 2.8 fb −1 at CDF [14] is σ(tt) = 7.0 ± 0.3 (stat) ±0.4 (syst) ±0.4 (lumi) pb for m t = 175GeV, in good agreement with the SM prediction of σ(tt) SM = 6.73 − 6.90 pb [15, 16, 17] , and is consistent with measurements from D0 [18] that use smaller data sets.
A typical color singlet Z ′ with flavor diagonal couplings does not interfere with the dominant (color-octet) QCD production process. Thus, it is difficult to avoid a large shift of the tt production cross section as well as the appearance of a resonance. On the other hand, the tchannel exchange of our Z ′ in pp → tt interferes with QCD. It is possible then to have smaller modifications to the cross section while having a large contribution to A t F B . There is no resonance present in the M tt spectrum. We use MadGraph/MadEvent 4.4.17 [19] with CTEQ6.6M parton distribution functions [20] to generate event samples, and BRIDGE 2.0 [21] to decay unstable particles. We do not carry out parton showering or detailed detector simulation. We assume m t = 175 GeV, and apply everywhere a QCD K-factor K = 1.31 to match the SM prediction for σ(tt), we fix renormalization and factorization scales at µ R = µ F = m t .
We plot cross section and A new F B in Fig. 2 as a function of α X for three
induced only in the tt final state. The SM NLO contribution (5%) is not included. Similarly, the "new" in σ(pp → tt) new emphasizes that other (reducible) contributions that might enter the tt sample are not included. They are discussed below.
Comparing the two panels of Fig. 2 indicates a potential simultaneous fit to a large A t F B and the correct cross-section. However, new physics can contribute to final states that fake the tt final state. This could pollute both the cross-section and the A 
new deviates 2σ from of the measurement quoted in text. Parameter space around the red star is preferred. A much larger αX will gives too many like-sign top quarks, or a large distortion of the M tt spectrum. Larger masses lead to larger distortions of the M tt spectrum, and smaller masses give a large branching ratio for t → Z ′ u, which leads to tension between measurement of top cross-sections in different channels. f ake . If M Z ′ < m t , it is also important to include effects of exotic top decays t → uZ ′ which can take events away from the registered tt crosssection. Assuming Z ′ decays are completely hadronic, they reduce the dilepton top cross section relative to the lepton+jets channel. At CDF and D0, tt production is defined by specific final state topologies with at least one b quark tag, several hard jets, and one ("l + j sample") or two ("dilepton sample") charged leptons. CDF has measured σ(tt) = 7.2 ± 0.75 pb from the l + j sample [22] , and 6.7 ± 0.98 pb from the dilepton sample [23] . To avoid a too large discrepancy between these two channels, Fig. 3 shows that a light Z ′ (M Z ′ 120 GeV) is to be avoided. For our "best point" we show comparisons with these cross sections in Table I . Our simulation method is to construct event samples based on cuts detailed in [22, 23] , and rescale the result by the inverse of the SM event selection efficiency (again using our simulation) to approximate their unfolding procedure.
For our best point (the red star in Fig. 3 ), the total asymmetry is about 18%, see Table I . This includes the SM α 3 s contribution, the Z ′ tree contribution, and contributions due to δA f ake F B . The last is negative largely due to anti-correlation of t direction with that of u in gu → tZ ′ production. We estimate |δA f ake F B | at a few percent, not quite canceling with the +5% SM contribution. There is a small uncertainty in this estimate, as the kinematics of these events are not identical to those analyzed in the tt events. Table I shows the top quark asymmetry and the inferred tt cross section of our best point in the l + j and dilepton channels. The asymmetry is high, and the cross- sections are within errors of the measurements. A prediction is the inferred cross-section from the dilepton sample should be less than from the l + j sample: tZ ′ /tZ ′ events produce relatively more events in the l + j sample than in the dilepton sample. In addition, events with exotic top decays (t → Z ′ u → uūu) may contribute to the l + j sample but not the dilepton sample.
Additional collider constraints. Our model yields no resonances, but new t-channel physics modifies the M tt distribution -especially in the higher invariant mass bin due to the Rutherford enhancement. This distribution has been measured by the CDF experiment in the lepton + jet channel [25] and is shown in Fig. 4 . We also show the apparent M tt from this model, which includes contributions from fake processes. We observe that the heavier the Z ′ , the more the last bin deviates from the measurement. This is because the Rutherford singularity (beneficial to the generation of the A t F B ) is most effective at M tt ≫ M Z ′ . A higher mass Z ′ will thus need higher α X because it cannot take full advantage of the singularity, leading to larger distortion of M tt . Thus, lighter Z ′ is favored.
The t-channel exchange of Z ′ can also produce likesign top-quark events uu(ūū) → tt(tt), which have been discussed in a different context by [26] . Like-sign tops can be observed as like-sign dilepton events plus b tag(s). CDF has measured only 3 such events with 2 fb −1 of data [12] . The SM expectation is also small but with large error: 2.1 ± 1.8 events. Our best point model predicts 5-6 events. Higher Z ′ mass models produce too many such events from, e.g., tZ ′ → tt +ū if Z → uū (i.e., ǫ U ) is not large enough. For very large ǫ U , constraints on the Z ′ from the dijet channel [27] become important. This is another reason why we desire M Z ′ < M t . This combination of constraints largely determines the location of the "best point" of Fig. 3 .
There is another reason that Z ′ → t ( * )ū decays are potentially dangerous. CDF has measured the ratio of tt+0 jets to tt + n jets, with a result consistent with the SM value [25] . If the Z ′ → t ( * )ū decays are present, they will preferentially contribute to the tt+n jets, potentially at a dangerous level. A non-zero ǫ U removes this conflict.
There are also potential contributions to the singletop sample. As discussed earlier, with ǫ U = 0, decays of the Z ′ → uū dominate. Then the dominant contribution to the single-top sample comes from the process ug → tZ ′ → tuū. This process (after multiplication by a K-factor of 1.3), gives a production cross section of 3 pb. This is comparable to the SM prediction for singletop production (2.9 pb). The measurement of single-top at D0 and CDF [28, 29] relies on a multivariate analysis using detailed kinematic information to extract the single-top events from a large background dominated by W +heavy flavored jets. These backgrounds are nearly an order of magnitude larger than the signal described here. So, it is not possible to say without such a detailed experimental analysis whether a constraint presently exists. As a test of this model, the Tevatron experiments might look in the single-top sample and see whether it is possible to discern a resonance in the two light-flavored jets corresponding to the Z ′ . This measurement might also be possible at the Large Hadron Collider (LHC).
Flavor physics. One might wonder whether the novel flavor violation of this model might be constrained by B meson decays. The structure of the theory wherein offdiagonal couplings are limited to the right-handed uptype quarks make this model particularly safe.
Box 
A direction similar to the minimal U (1) Z ′ discussed here is to introduce an SU (2) f lavor gauge symmetry under which the (t R , u R ) form a doublet. The A t F B can then be explained through the t-channel exchange of the W ′ gauge bosons. Because the W ′ carries a conserved "top-charge", its production and exchange no longer contribute to like-sign top quark production. Avoiding a large (negative) contribution to the A t F B from, e.g., ug → W ′ t requires the introduction of a small W ′ −ū − u coupling. This can be engineered if the SU (2) f lavor is broken by multiple Higgs fields, for example a triplet and a doublet. Searches for like-sign top will not be decisive in determining whether nature realizes this approach. The other phenomenology may be quite similar to that presented here: differences between the lepton+jet and the dilepton σ tt cross-sections will still be present. This model predicts and additional contribution to the single top sample as well.
Discussion. The exchange of a t-channel Z ′ with a Z ′ − u − t coupling can produce a large A t F B consistent with other top quark observables. Our best parameter point M Z ′ = 160 GeV with α X = 0.024 generates A tot F B ≃ 18%, about four times larger than the SM prediction. The most constraining collider observable is the search for like-sign top quarks events, which is ameliorated by the introduction of small flavor diagonal couplings. The diagonal couplings are essential also in M tt distribution as well as for ensuring σ(tt+0 jets)/σ(tt + ≥ 0 jets) is consistent with observation. More precise measurements of the top cross-section and searches for like-sign tops at the Tevatron should be decisive for this model.
Although heavier Z ′ (m Z ′ > m t ) suffers from a relatively large like-sign top signal and a disfavored M tt distribution, narrow regions of the parameter space might remain. In this region, one is pushed to a large ǫ U ≈ 0.3 (larger values are constrained by dijet searches). In this case, the maximum A tot F B
10%.
If the true asymmetry at the Tevatron is greater than 15% and is caused by our Z ′ theory, the LHC will also have many opportunities to discover its effects. Certainly the most important effect is again the like-sign dilepton channel. Deviations are more likely to show up there in the early years of LHC running than through the top quark asymmetry (The LHC, being a pp machine, must form the asymmetry with respect to the tt boost direction).
Finally, we comment that a new gauge boson is not the only t-channel approach to generating an asymmetry. Scalar bosons in the t-channel may play a similar role as a vector boson. However, unlike vector boson, the intereference of the scalar with the SM diagram generates a negative asymmetry. The sign can be flipped if the scalar couples to anti-top rather than top: ǫ αβγ φ α t β u γ A scalar which has electric charge 4/3 and is a QCD fundamental could play this role. The current version of MadGraph/MadEvent and CalcHEP cannot handle the color flow of the coupling [32] . We leave detailed exploration of this direction for future study.
